Introduction
Monocytes differentiate into macrophages, a cell type that can regulate normal tissue repair but also tumor growth. Tumorassociated macrophages (TAMs) have been reported to contribute to tumor progression and resistance to therapy. 1, 2 A high frequency of TAMs is associated with worse prognosis in lung, breast, prostate, thyroid, and hepatocellular carcinoma, follicular lymphoma, and neuroblastoma (NB). [3] [4] [5] [6] [7] Metastatic NBs have higher infiltration of TAMs than loco-regional NBs, and 25% of the accuracy of a novel 14-gene NB classification score was contributed by expression of genes associated with TAMs (CD16, CD33, IL6R, and IL10). 7 Experimental studies indicate that TAMs promote tumor progression by multiple mechanisms including promotion of invasion, metastases, angiogenesis, survival signaling, chemotherapy resistance, and immune suppression. 1 In a mouse model of NB, TAMs promote tumor growth via STAT3 phosphorylation and c-Myc up-regulation. 8 These data suggest the general importance of interactions between tumor cells and TAMs, and the possibility that TAMs might be a therapeutic target in NB. 7 To date, however, it has not been determined if targeted depletion of monocyte-derived cells or TAMs can enhance chemotherapy of human NB.
Monocytes and TAMs, as well as other monocyte-derived cells such as osteoclasts, microglia, and Langerhan cells, express colony stimulating factor 1 receptor (CSF-1R/M-CSFR/CD115); 9, 10 in contrast, other cells such as granulocytes and lymphocytes do not. CSF-1, a well characterized ligand of CSF-1R, is released by many types of cancer cells and promotes monocyte and macrophage recruitment to and survival in the tumor microenvironment. [11] [12] [13] CSF-1 expression is known to be associated with poor prognosis in breast, ovarian and prostate carcinoma. [14] [15] [16] Therefore, targeting CSF-1R 1 cells could prevent their recruitment to and survival in tumor microenvironments. 1, 2 Most previous studies combining CSF-1R blockade with chemotherapy examined the relationship of murine tumors and macrophages in immune competent mice, and much of the efficacy of CSF-1R inhibition has been attributed to infiltrating T lymphocytes. For example, in immunocompetent murine cervical and breast cancer models, inhibition of CSF-1R with BLZ945 has been shown to increase infiltration by CD8
1 lymphocytes with concurrent reduction in TAMs and tumor growth. 17 In immunocompetent MMTV-PyMT mice, the CSF-1R inhibitor PLX3397 in combination with paclitaxel resulted in increased infiltration by both CD4 1 and CD8 1 T cells, increased intra-tumoral perforin, granzyme B, and IFN-c mRNA, and decreased murine mammary tumor growth and pulmonary metastases in a CD8 1 T lymphocyte-dependent manner. 18 In an immunocompetent pancreatic cancer model, CSF-1R inhibition by another CSF-1R inhibitor PLX6134/ GW2580 enhanced gemcitabine efficacy and reduced metastasis in a CD8 1 T cell-dependent manner. 19 Similar to these studies, it has been reported that BLZ945 in combination with immune checkpoint inhibition (anti-PD-1 and anti-PD-L1 antibodies) increased the frequency and activation of infiltrating CD8 1 T cells and enabled control of spontaneously arising transgenic TH-MYCN NBs in immunocompetent mice, 20 a model in which murine NB cells constitutively express a low but detectible level of MHC class I (H-2D b ).
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To date, no studies have evaluated NB tumors in mice without T or NK cells but including human (and murine) monocyte-derived cells to examine the role of TAM:tumor interactions in modulation of therapeutic efficacy. Such an evaluation is of interest because, as in some other cancer types whose natural or inducible anti-cancer T lymphocyte responses are minimal or absent, 22, 23 the anti-tumor activity of T lymphocytes in NB patients may be limited. Human NB tumors generally express no detectable MHC class I molecules (HLA-ABC), the lack of which impedes recognition of tumor cells by cytotoxic T cells. 24, 25 In addition, newly diagnosed, Stage IV metastatic human NBs (>18 months of age) have been shown to exhibit relatively few somatic mutations and are therefore likely to express few immunogenic molecules. 26 Similarly, a meta-analysis has also indicated a relatively low frequency of mutations in high-risk primary NBs compared to multiple adult tumors. 27 Finally, anti-NB functions of T lymphocytes may be suppressed by high levels of T regulatory cells in NB patients. 28 To examine whether depletion of human and murine monocyte-derived cells can enhance chemotherapy without contribution from T or NK cells, we used a model of coinjection of human NB cells with human monocytes into NOD scid gamma (NSG) mice which lack T, B, and NK cells, and determined whether a CSF-1R inhibitor, BLZ945, and/or anti-CSF-1 neutralizing mAbs deplete TAMs from the NB microenvironment and enhance the response of NBs to chemotherapy. 31, 37 For specified experiments, CHLA-255 cells were transduced with the renilla luciferase gene (CHLA-255-hRL). Cells were tested for mycoplasma using MycoAlert (Lonza, Allendale, NJ) and for correct identity using AmpFLSTR Identifiler PCR Amplification Kits (Applied Biosystems, Foster City, CA), and were last tested at study completion. Cell lines were maintained in Iscove's modified Dulbecco's medium (IMDM) with 15% certified, heat-inactivated fetal bovine serum (Omega Scientific, Tarzana, CA) at 378C in a humidified incubator with 5% CO 2 .
Materials and Methods

Cell lines and patient-derived xenograft
Human monocyte isolation
Leukocytes were obtained as a by-product from a Trima Accel instrument (TerumoBCT, Lakewood, CO) used to collect platelets from healthy human donors at the CHLA Blood Donor Center in accordance with a protocol approved by the Committee on Clinical Investigation. Peripheral blood mononuclear cells (PBMC) were isolated from these leukocytes or from blood using Histopaque-1077 for density centrifugation separation (SigmaAldrich, St. Louis, MO). Monocytes were isolated from the PBMC using EasySep negative selection monocyte isolation kits (StemCell Technologies, Seattle, WA). Purity was 95-96% as determined by CD14 surface staining measured by flow cytometry.
Bioluminescent quantification of NB cell numbers
NB cell numbers were measured by adding D-luciferin potassium salt solution to co-cultures (0.035 mg/well) and immediately measuring tumor cell flux using the GloMax-Multi detection system (Promega, Madison, WI) with a one second read per well using the manufacturer's protocol. Topotecan was tested without cyclophosphamide in vitro because cyclophosphamide requires in vivo conversion to achieve its active form. 38 
Cytokine assay
Conditioned media were assayed using the pre-mixed multiplex "Human Cytokine/Chemokine Panel I" (EMD Millipore, Billerica, MA). Since CSF-1 was not available in the multiplex, a custommade singleplex for CSF-1 was purchased (EMD Millipore). Assays were run according to the manufacturer's protocols. For CSF-1 analysis, a seventh standard dilution was added below the suggested six. Data for CSF-1 was acquired on a Bio-Plex 200 instrument (BioRad Corporation, Hercules, CA) and data from panel I was acquired on a Milliplex Analyzer (EMD Millipore). BioPlex software for CSF-1 (BioRad Corporation) and xPonent software for all other factors were used to fit standard curves to data obtained from analyte standards and to calculate absolute concentration (expressed as pg/ml) from respective standard curves.
Flow cytometry
Single cell suspensions were prepared from cultured cells using Puck's EDTA, and from tumors using a gentleMACS Tissue Dissociator (Miltenyi Biotec, San Diego, CA). Cells were stained with mAbs shown in Supporting Information Table S1 in the dark for 45 min at 48C, washed twice with PBS (without Ca 11 and Mg
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) containing 0.2% bovine serum albumin and 0.1% NaN 3 , and filtered through 50 mm mesh to remove clumps. 50,000 and 300,000 events were acquired per sample for cultured and tumor cells, respectively. Dead cells were excluded according to positive staining for DAPI. Debris was excluded by gating on forward and side scatter parameters. Doublets were excluded by gating on forward scatter area versus height. Data were acquired on an LSRII instrument with ultraviolet laser excitation of DAPI and analyzed using DIVA software version 6 (BD Biosciences, San Jose, CA).
In vivo NB models and treatment
For the intra-renal model, IL2-receptor gamma null NSG (NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ) mice were bred in-house. On day 0, 1 3 10 6 NB cells were co-injected with 0.5 3 10 6 human monocytes (2:1 ratio) into left kidneys. 39 Non-obese diabetic/ severe combined immunodeficiency (NOD/SCID) mice were bred in-house. On day 1, NSG and NOD/SCID mice were injected intraperitoneally with rat anti-mouse CD122 (200 lg/mouse) to deplete residual murine NK cells and total body irradiated (150 cGy) to deplete other hematopoietic cells. Tumor growth was assessed weekly by bioluminescence imaging using a Xenogen IVIS-200 system (Caliper Life Sciences, Hopkinton, MA) 15 min after intraperitoneal injection of D-luciferin potassium salt solution (1.5 mg/mouse) as a substrate for firefly luciferase. Emitted photons in the range of 550-570 nm were quantified using Living Image 3.0 software (Caliper Life Sciences). Renilla luciferase was detected after intravenous injection of the substrate coelenterzine (100 lg/mouse), and blue light (480 nm) was collected. Animal experiments were performed in accordance with a protocol approved by the CHLA Institutional Animal Care and Usage Committee. Anti-CSF-1 mAbs MCS110 and 5A1 and small molecule inhibitor of CSF-1R BLZ945 were provided as a gift from Novartis (Basel, Switzerland). MCS110 is being tested in a phase II clinical trial with carboplatin and gemcitabine in triple negative breast cancer (NCT02435680) and in a phase 1b/II trial with the anti-PD-1 antibody PDR001 in advanced malignancies of adults (NCT02807844). Similarly, BLZ945 is being tested in a Phase I/II clinical trial with PDR001 in advanced solid tumors of adults (NCT02829723). BLZ945 is a highly specific inhibitor of human CSF-1R that has 3200-fold selectivity relative to its closest offtarget kinase c-Kit 40 and also inhibits murine CSF-1R. 20 BLZ945 was administered daily for 73 days, obviating rebound hematopoiesis during the treatment regimen. Cyclophosphamide and topotecan were administered i.p. at indicated times.
RNA preparation, cDNA synthesis, and Taqman low density array (TLDA) assay Tumors were excised and cut into halves, one-half for TLDA and one-half for immunohistochemistry. The halves for TLDA were placed immediately into gentleMACS M Tubes containing 5 ml of TRIzol (Invitrogen, Grand Island, NY) and homogenized using the RNA_01 protocol on a gentle-MACS Tissue Dissociator (Miltenyi Biotec, Auburn, CA). Total RNA was prepared using TRIzol, and RNA processed using an RNeasy V R Mini Kit (Qiagen, Venlo, Netherlands). RNA Integrity Number (RIN) was obtained using an Agilent Bioanalyzer, and all specimens had a RIN 9. Reverse transcription of 2,500 ng total RNA was performed using OligodT (ThermoFisher, Waltham, MA) and M-MLV Reverse Transcriptase (ThermoFisher). Next, using the cDNA obtained from reverse transcription, the TLDA assay quantified the expression of 48 genes (5 NB-associated, 39 microenvironment, 4 housekeeping) in one reservoir of a customdesigned microfluidic card (Applied Biosystems, Carlsbad, CA), enabling assays for all genes to be run simultaneously on a single TLDA card using a 7900HT instrument (ThermoFisher). Probe and primer sets for macrophage-associated genes are listed in Supporting Information Table S2 . Values for Ct represent the amplification cycle number at which fluorescence passed the threshold; DCt values are the Ct of the target gene minus the Ct of the mean of four housekeeping genes.
Immunohistochemistry and tissue preparation
Two or more mice from each group were euthanized by CO 2 inhalation on specified days. Half of each tumor was fixed in 10% neutral buffered formalin for 24 hr at 48C. Samples were embedded in paraffin blocks from which 5 lm sections were prepared and stained with hematoxylin, eosin and anti-CD163 mAb clone MRQ-26 (Leica Biosystems, Buffalo Grove, IL) for human monocyte-derived cells or anti-F4/80 mAb clone CI:A3-1 (Abcam, Cambridge, MA) for mouse macrophages.
Statistical analysis
In general, data points with intervals are presented as means 6 standard error of the mean (SEM). In the subcutaneous model, mouse survival time was defined as the number of days from tumor injection until the end of study (survivors) or until euthanized due to weight loss (>15%), inactivity/inability to move, hunched back, limping/abnormal gait, or tumor-mediated abdominal distension. In the intra-renal model, mouse survival was defined as number of days from tumor injection until euthanized for reasons above. Deaths not satisfying these criteria (e.g., due to imaging anesthesia) were right censored in analysis. For bioluminescence, flux values were normalized to baseline flux, and area under the curve (AUC) was computed, with AUC values right censored for mice that died before the end of observation period. Distribution of survival times and AUC are adequately described by a lognormal distribution, hence both endpoints were log 10 transformed for analysis. Ordinary least square regression or interval regression (when censoring was present) of log 10 survival and AUC on a grouping factor variable was used. Computations were performed using Stata 11 (StataCorp 2009, software release 11, College Station, TX).
Results
Cultures of NB cells with or without monocytes release pro-tumor cytokines
We have previously shown that TAMs are strongly associated with poor survival of patients with NB that lack MYCN amplification 7 and that TAMs promote NB via STAT3 phosphorylation and c-Myc up-regulation. 8 To evaluate other potential mechanisms through which monocytes might affect NB cells, we determined the release of cytokines and chemokines induced by addition of monocytes to cultures of NB cells, thereby evaluating the potential efficacy of targeting one molecule released by monocytes or TAMs. Interaction of monocytes with CHLA-255 or CHLA-136 NB cell lines resulted in large increases in IL-6, IL-8/CXCL8, and GRO/ CXCL1 compared to either cell type alone (Fig. 1a) . IL-6 is known to promote NB cell survival, 32 IL-8/CXCL8 can promote angiogenesis, 40 and GRO/CXCL1 can form a paracrine network linking chemoresistance and metastasis. 41, 42 There were apparent increases in anti-tumor cytokines IL-12p40, IL-12p70, IL-15, and TNFa; however, their concentrations remained relatively low (Fig. 1a, right columns) . Similarly, there was an apparent increase in G-CSF, but the concentration was high for only one of the two NB cell lines. We also determined if CSF-1 is released from human NB cells, human monocytes, or their co-cultures. CSF-1 protein was released at a baseline of approximately 40-50 pg/ml by CHLA-255-Fluc and CHLA-136-Fluc cell lines, whether alone or in cocultures with monocytes (1:1 ratio; Fig. 1b) . We found that human NB cells lack surface CSF-1R expression on their surface, whereas human monocytes expressed CSF-1R as expected (Supporting Information Fig. S1a and 1b) . Interestingly, addition of topotecan (10 ng/ml) to NB cells resulted in 2-3-fold increases in release of CSF-1, regardless of whether the CSF-1R inhibitor BLZ945 (200 nM) or monocytes were added. Monocytes cultured alone did not increase their release of CSF-1 in response to topotecan. The effect of the anti-human CSF-1 mAb MCS110 was not examined in this experiment because MCS110 inhibited the ability of the Luminex assay to detect CSF-1. These experiments demonstrated that multiple pro-tumor factors are released in cocultures of NB cells and monocytes, suggesting that targeting individual factors may not be feasible whereas targeting monocytes/macrophages themselves may be an alternative strategy. These experiments also demonstrated that CSF-1 can be released by NB cells and that NB release of CSF-1 is increased by topotecan. Based on the experiments above, we chose not to target individual pro-tumor cytokines but to target monocytes and macrophages themselves, exploiting their reliance on CSF-1/ CSF-1R for recruitment and survival. In co-cultures of human monocytes with CHLA-255-Fluc cells (plated at a 1:1 ratio for 120 hr), monocytes persisted at a low frequency and this frequency was decreased by treatment with MCS110 (10 lg/ml) plus BLZ945 (200 nM); similarly, in co-cultures with CHLA-136-Fluc cells, monocytes persisted at a relatively higher frequency that was also decreased by CSF-1 blockade (Supporting Information Fig. S2a) . Topotecan, which is active against neuroblastoma, 43, 44 was added (10 ng/ml) 48 hr after beginning the co-cultures but had only modest effects on the frequency of monocytes.
Having found that CSF-1R blockade could reduce the frequency of monocytes, we examined if it could affect NB cell numbers. In co-cultures with monocytes, the combination of MCS110 plus BLZ945 reduced the number of CHLA-255-Fluc and CHLA-136-Fluc NB cells, both in the absence of topotecan and in the presence of a low dose of topotecan (1 ng/ml; Supporting Information Fig. S2b) .
Treatment of subcutaneous CHLA-255-fluc NBs in NOD/ SCID mice with anti-human CSF-1 mAb MCS110 decreases human monocyte-derived CD163 1 cells but does not improve chemotherapy
We hypothesized that depletion of human monocyte-derived cells from subcutaneous tumors using MCS110 alone might enhance chemotherapy with cyclophosphamide plus topotecan, drugs used in induction therapy by the Children's Oncology Group. 43 As a control, the effect of MCS110 on monocytes was determined after subcutaneous injection of a 2:1 mixture of renilla luciferase-labeled CHLA-255 cells and firefly luciferase-labeled human monocytes into the shoulders of NOD/SCID mice. MCS110 administered alone once weekly reduced intra-tumor human monocyte-derived cells as demonstrated by three endpoints. First, Fluc-labeled human monocytes exhibited decreased flux in the MCS110-treated group as compared to untreated control (Supporting Information Fig.  S3a) . Second, immunohistochemistry staining exhibited a decrease in intra-tumor human CD163
1 cells in the MCS110-treated group (Supporting Information Fig. S3b ). Third, mRNA associated with human macrophage-associated marker genes CD86, CD163, CD40L, CD16, CSF1, and CSF1R exhibited lower expression in tumors of the MCS110-treated group (Supporting Information Fig.  S3c ). Unexpectedly though, as measured by bioluminescent imaging or mouse survival, MCS110 did not significantly improve chemotherapy of subcutaneous CHLA-255-Fluc tumors ( Fig. 2a and  2b ) even though it had reduced the number of human monocytederived cells and was detectible in serum before and during chemotherapy (Supporting Information Fig. S4 ).
Treatment of subcutaneous CHLA-255-fluc NBs in NOD/ SCID mice with anti-CSF-1 mAbs MCS110 and 5A1 combined with human/mouse CSF-1R inhibitor BLZ945 decreases the frequency of human CD14 CSF-1 mAb 5A1 to MCS110 treatment (triple agent CSF-1R blockade; Fig. 3d ). Most human CD14
1 cells expressed CD163, consistent with a pro-tumor phenotype (Fig. 3e) .
Immunohistochemistry similarly showed that these tumors contained F4/80 1 mouse TAMs whose frequency could be decreased by triple agent blockade (Fig. 3f) . Similarly, treatment of these NBs with MCS110 alone or with triple agent blockade reduced CD163 1 human monocyte-derived cells (Fig. 3f) . Combining triple agent blockade with cyclophosphamide and topotecan was well tolerated and, importantly, it increased suppression of NB growth compared to chemotherapy alone as measured by bioluminescence ( Fig. 3g and  3h ; p < 0.001).
Combining triple agent blockade with chemotherapy also resulted in greater mouse survival compared to chemotherapy alone, with mean survival times of 125 and 53 days, respectively (p < 0.001). Eight of 23 mice (35%) were disease-free when sacrificed on days 164-171 (Fig. 3i) . The Wald statistical test indicated interaction (synergy) between chemotherapy and triple agent blockade (p < 0.001). Chemotherapy alone increased survival compared to either untreated control or triple agent alone groups (p < 0.001; Fig. 3i, lower panel) Having found that triple agent CSF-1R blockade can enhance chemotherapy against subcutaneous CHLA-255-Fluc tumors in NOD/SCID mice which have impaired T and B cell development and deficient natural killer (NK) cell function, we examined whether it might enhance chemotherapy against intra-renal NB cells growing in NSG mice which completely lack T, NK, and B lymphocytes. CHLA-136-Fluc cells were co-injected with human monocytes into the left kidney. Similar to the subcutaneous NB model, triple agent CSF-1R blockade alone had no effect on the growth of intra-renal NBs, and chemotherapy alone significantly reduced tumor growth by Day 21 after tumor cell injection compared to untreated controls (Supporting Information Fig. S6a  and 6b ). Combining chemotherapy with triple agent CSF-1R blockade further reduced growth and increased survival as compared to chemotherapy alone with mean survival times of 93 and 72 days, respectively (Supporting Information Fig. S6c) .
Treatment of intra-renal CHLA-255-fluc NBs in NSG mice with CSF-1R inhibitor BLZ945 alone improves chemotherapy Next, we sought to identify the most active single agent for potential clinical translation. NSG mice co-injected in the left kidney with CHLA-255-Fluc cells and human monocytes were treated with chemotherapy plus one of the following: (i) triple agent blockade, (ii) BLZ945 alone, (iii) the two anti-CSF-1 mAbs (MCS110 and 5A1), (iv) neither BLZ945 nor the mAbs. The combination of triple agent blockade with 1 cells were at a low frequency even in untreated tumors, as human monocytes did not persist for many weeks in the mouse model. Insets in the lower right of each image depict 53 digital enlargement processed using a sharpen filter in ImageJ software to enhance contrast. Scale bars represent 100 lm. (g) Bioluminescent images showing the effect of triple agent CSF-1R blockade on cyclophosphamide plus topotecan chemotherapy. Mice from two of four replicate experiments are shown. Chemotherapy doses were as in Figure 2a and were given on days 8-12, 27-31, 48-52 and 69-73. MCS110 and 5A1 were co-administered intraperitoneally 23/week, and BLZ945 was administered daily by gavage. Mouse 12 died of unknown causes on day 7 and other "X"s indicate mice that were sacrificed due to progressive tumor growth. (h) The sizes of tumors in mice shown in panel g as well as in mice from two additional experiments were measured and plotted as means 6 SEM. At the top is the schedule for administration 23/weekly of MCS110 plus 5A1 (brown circles) and daily BLZ945 (brown line), as described by brown lettering in the inset legend. Similarly shown is the schedule of chemotherapy (green lines on top). Crosses ( †) indicate tumor-related death of one or more mice at indicated time points. Area under the curve (AUC) was measured from day 0 to 14, since day 14 was the last imaged time point in which all mice (except mouse 12) remained alive; differences at every time point beyond day 14 were significant. Curves for untreated and the triple blockade groups terminate at day 14 and day 21, respectively, owing to death of mice before the next measurement. (i) Kaplan-Meier survival curves summarizing four replicate experiments. All therapy (chemotherapy and triple agent blockade) was stopped after day 73.
chemotherapy was superior to chemotherapy alone in inhibiting growth (p 5 0.009), as was the combination of BLZ945 with chemotherapy (p 5 0.003; Fig. 4a) . Unexpectedly, the combination of chemotherapy with MCS110 plus 5A1 was not significantly different from chemotherapy alone (p 5 0.890), and was less effective than chemotherapy combined with either triple agent blockade (p 5 0.006) or BLZ945 (p 5 0.002).
As with tumor growth, mouse survival was increased by the combination of chemotherapy with BLZ945 (p 5 0.010) or with triple agent blockade (p 5 0.002) compared to chemotherapy alone (Fig. 4b) . The combination of chemotherapy with BLZ945 was not different from chemotherapy with triple agent blockade (p 5 0.655), and the combination of chemotherapy with anti-CSF-1 mAbs MCS110 plus 5A1 was not different from chemotherapy alone (p 5 0.347). Taken together, these data suggest that BLZ945 as a single agent improves the ability of chemotherapy to inhibit NB growth and prolong survival.
Treatment of intra-renal PDX COG-N-415x NB in NSG mice with CSF-1R inhibitor BLZ945 alone improves chemotherapy
Having identified BLZ945 as an active single agent in combination with chemotherapy in the CHLA-255-Fluc model, we sought to extend the above findings in a model involving a NB patientderived xenograft. COG-N-415x PDX cells (Passage 4) and human monocytes were co-injected into the left kidney of NSG mice. Survival was the only endpoint, since PDX cells are not cultured and therefore are not labeled with luciferase. The mean survival of the untreated group and the BLZ945 alone group was 34 days, that of the chemotherapy alone group was 55 days, and that of the BLZ945 plus chemotherapy group was 92 days, the latter representing a significant enhancement compared to the chemotherapy alone group and other groups (p < 0.001) (Fig. 5) . The Wald test demonstrated interaction between BLZ945 and chemotherapy (p < 0.001). Thus, BLZ945 alone synergistically improved chemotherapy of the PDX in the absence of T, NK, and B cells. :1) were co-injected into the left kidney, all mice received chemotherapy, and specified mice received anti-CSF-1 mAbs MCS110 and 5A1 together, CSF-1R inhibitor BLZ945 alone, or the combination of all three (triple blockade). Dosing and schedule of mAbs and BLZ945 was as in Figure 3 . Chemotherapy dosing was as in Figure 2a and administered on days 8-12, 29-33, 48-52 and 69-73. All therapy stopped after day 73. One mouse from the chemotherapy group and two from the chemotherapy 1 BLZ945 group died accidentally during anesthesia and were censored.
Discussion
Gene expression and immunohistochemical analyses have shown an association between macrophage infiltration and both extent of disease and progression-free survival of NB patients with MYCN-non-amplified disease. 7 Macrophage migration and survival is regulated by CSF-1, 12-14 and we demonstrate that human NB cells can release CSF-1 protein in vitro. Furthermore, we show that topotecan, which is clinically active against NB, 43, 44, 46 can significantly increase the release of CSF-1 protein from NB cells, consistent with reports of increased CSF-1 mRNA expression in a breast cancer model after treatment with paclitaxel 18 and in a prostate cancer model after ionizing radiation. 47 In contrast with evidence for TAMs associating with outcome in NB, there is no published clinical evidence for an adaptive T lymphocyte response against human NBs.
48 T lymphocyte responses in NB patients may be limited by absent expression of MHC class I molecules and by a low frequency of somatic mutations in the tumor cells. [24] [25] [26] [27] We therefore used NSG and NOD/SCID mice as models for deficient T lymphocyte responses. Co-injecting these mice with human monocytes and human NB cell lines or a PDX, we demonstrate that inhibition of CSF-1R by combination of BLZ945 with anti-CSF-1 mAbs MCS110 and 5A1 decreases the intra-tumor presence of human CD14
1 and CD163 1 cells as well as mouse F4/80 1 cells. Importantly, we show that BLZ945 monotherapy can also improve chemotherapy of NB, without requiring T lymphocytes. Multiple mechanisms may be operative whereby TAMs promote NB growth and resistance to chemotherapy. Experimentally, we have shown that TAMs promote NB growth via STAT3 phosphorylation and c-Myc up-regulation. 8 This suggests that depletion of TAMs from the NB microenvironment may reduce pSTAT3 and c-Myc in NB cells. We show here that co-culturing monocytes with NB cells results in manyfold increases in IL-6, IL-8, and GRO, and thus depletion of TAMs may reduce these pro-tumor cytokines/chemokines in the tumor milieu. Together, these effects may sensitize NBs to chemotherapy, independent of anti-tumor functions of T lymphocytes. Additional benefit from CSF-1R blockade beyond what is observed in our experimental models might potentially occur in patients who mount anti-NB T lymphocyte responses.
Although CSF-1R blockade without chemotherapy was insufficient to extend survival of NB-bearing immunodeficient mice, others have found that CSF-1R blockade in immune competent mice bearing tumors was effective without chemotherapy. One such example is found in the immunocompetent TH-MYCN transgenic NB model in which murine NB cells, unlike patient NBs, constitutively express a low level of MHC class I molecules (MHC class I low ), 21 potentially enabling anti-NB responses by T lymphocytes. In this model, BLZ945 as a single agent was shown to decrease tumor growth, and this effect was reported to be larger when combined with immune checkpoint blockade. 20 Similarly, single agent BLZ945 reduced tumor growth in immune competent mouse models of mammary and cervical carcinoma and of glioblastoma multiforme. 17, 20, 49, 50 In the immune competent models of mammary and cervical carcinoma 17 and MHC class I low NB, 20 single agent BLZ945 was associated with increased CD8
1 T cell infiltration, potentially explaining the anti-tumor effect. However, given the unclear contribution of T lymphocytes in the clinical therapy of high-risk NB patients 48 as well as the undetectable expression of MHC class I molecules and low frequency of somatic mutations in tumors of NB patients, [24] [25] [26] [27] there may be advantages to identifying treatment modalities for NB that do not rely on T lymphocyte responses. Our findings suggest that NB patients who have ineffective anti-NB T lymphocyte responses might benefit from combination of chemotherapy with BLZ945.
We unexpectedly observed that neutralization of both human and mouse CSF-1 using anti-CSF1 mAbs MCS110 plus 5A1 combined with chemotherapy had no effect on intra-renal tumor growth or survival of NSG mice ( Fig. 4a  and 4b ). It is possible that CSF-1R was bound not only by CSF-1 but also by murine IL-34, 50 rendering neutralization of CSF-1 alone insufficient to inhibit signaling through CSF-1R in the NSG mouse model. It was beyond the scope of our study to evaluate a combination of an anti-IL-34 mAb with MCS110 and 5A1. An alternative explanation could be insufficient depletion of continuously infiltrating murine macrophages by anti-mouse CSF-1 mAb 5A1 administered twice weekly. Given these alternate explanations, our findings do not exclude the possibility that MCS110 might have a beneficial effect in humans.
Our findings provide direct evidence that monocytederived cells in the NB microenvironment can be important determinants of sensitivity to chemotherapy. CSF-1R blockade that included daily administration of BLZ945 significantly depleted human and mouse monocyte-derived cells from NBs and improved the efficacy of chemotherapy against MYCN-non-amplified and MYCN-amplified NBs in immune deficient mice lacking T lymphocytes. These findings may have implications for other cancers whose natural or inducible anti-cancer T lymphocyte responses are limited. 22, 23 
